By means of a new experimental technique, we measure quasi-intantaneous transverse intensity patterns in the gain-switch peak of a transversely excited atmospheric CO 2 laser with large aperture. The patterns recorded with a 2 ns resolution show a completely irregular spatiotemporal behavior, but when the exposure time of the measurements increases, boundary-determined ordered structures can be observed. As a quantification of this averaging process, the contrast of the intensity distributions decreases as the time integration grows. The results are numerically reproduced by integration of the full Maxwell-Bloch equations.
Introduction
Pattern formation in nonlinear systems has attracted much interest in last years. When the aspect ratio is small, the behavior of the system can be explained in relation to the influence of the boundary conditions, such as modal dynamics in optical systems. But as the transverse size increases, the behavior becomes more and more boundary-independent. In this case, the structure formation begins to be dominated by the bulk parameters and nonlinearities of the medium, and then turbulence and defects arise spontaneously.
However, between both extreme and ideal behaviors -purely boundary selected or completely boundary free -the dynamics of real systems is more likely to present a whole range of intermediate behaviors including features of both regimes. In particular, averaging processes from chaotic to boundary-selected ordered patterns have been observed in extended systems such as hydrodynamic Faraday waves [Gluckman et al., 1993] , rotating thermal convection [Ning et al., 1993] or electroconvection [Rudroff & Rehberg, 1997] . In these works, large aspect ratio systems exhibiting spatiotemporal chaos in instantaneous recording, let us see the underlying boundary-determined order when examined over a sufficiently long time.
Taking into account the striking universality of these processes, a similar behavior is foreseeable in large aperture optical systems, and so has been predicted from the basis of the Maxwell-Bloch [Huyet et al., 1995; Huyet & Tredicce, 1996; Feng et al., 1993; Staliunas & Weiss, 1995; Harkness et al., 1994] and Kuramoto-Sivashinsky [Huyet & Tredicce, 1996; Eguiluz et al., 1999] equations.
On the experimental side, it has to be considered that the observation of this long term order recovering requires the ability to measure both instantaneous and averaged patterns. This has been possible in systems with a slow dynamics as photorefractive oscillators [Farjas et al., 1994] . However, although much interesting experimental work has been carried out in large aperture lasers unfortunately, the extremely fast evolution (characteristic times of some nanoseconds for CO 2 lasers, and picoseconds for semiconductor laser) makes the experimental problem of the time resolved recording of large aperture laser patterns to remain unsolved so far [Huyet et al., 1995; Huyet & Tredicce, 1996; Dangoisse et al., 1992; Louvergneaux et al., 1996; Labate et al., 1997; Fisher et al., 1993; Hegarty et al., 1999] .
Our group has removed partially this limitation thanks to the development of an experimental set-up which allow us to record instantaneous transverse patterns on the nanosecond time scale. Thus we have been able to study, both experimentally and theoretically, the time resolved spatiotemporal dynamics of a transversely excited atmospheric (TEA) CO 2 pulsed laser with a relatively large Fresnel number [Encinas-Sanz et al., 2000] , when operating in the long pulse regime (about 2 µs). This time length turns out to be more than a magnitude order longer than the smaller time constant of the system, which in our laser is the population life time γ −1 10 −7 s. Therefore, in this regime the dynamics can be consider as quasi-stationary.
However, this laser can also be operated in a short pulse regime (gain-switch pulse width 10 −7 s), which cannot be considered as quasistationary any longer, but is just a purely transitory regime. This is rarely considered in the general studies of laser dynamics, even though the pulsed operation is the commonest in many real lasers, especially in those with large apertures. In this work we show that even this fully transient dynamics displays features of spatiotemporal turbulence with an underlying order on time average. In Sec. 2 we detail the experimental setup. Section 3 contains the experimental results of this work, which are numerically reproduced in Sec. 4. Finally, we extract some conclusions in Sec. 5.
Experimental Setup
A half-symmetric resonator has been used in our TEA CO 2 laser, and a distance L = 112 cm separates the concave (r = 10 m) and plane mirrors [Encinas-Sanz & Guerra, 1990] . The separation between the transverse electrodes may be taken as the laser aperture (2b 20 mm) yielding to a Fresnel number of
An intracavity Brewster plate produces a very good polarization in the laser beam. The gas laser mixture has no N 2 , in order to limit the output to the gain-switch pulse with a width of about 100 ns. The laser pulse propagates across a Pockels electrooptic cell arriving to a custom-made high quality polarizer crossed with laser polarization (Fig. 1 ). This polarizer partially rejects the light pulse to a laser triggered spark-gap, which once fired generates a high voltage pulse (V π = 8.48 kV), that travels to the electrooptic CdTe crystal, generating a transverse Pockels effect. This causes the polarization of the linearly polarized laser beam to turn by 90 • , which can now be transmitted by the polarizer as long as the high-voltage pulse lasts, and so we finally obtain a time slice of the laser pulse. The voltage pulse duration, and therefore the slice width, is controlled by the length of the coaxial pulse forming a line that links the spark gap and the high-voltage charge resistor. Likewise, the relative position of the time slice within the laser pulse depends on the length of the delay cable that links the spark gap and the switching device. The high extinction ratio of the polarizer allows for a very small energy background transmission during the whole laser pulse; otherwise, the instantaneous pattern could be blurred and the information lost. To avoid diffraction in the aperture of the Pockels cell, a telescopic system placed at the beam exit reduces its transverse size. Once the selfsyncrhonized electrooptic shutter is opened, the transmitted time slice of the laser pulse reaches the pyroelectric bidimensional array of a computer controlled camera (0.1 mm spatial resolution).
Experimental Results
Before beginning the pattern morphogenesis picture, the temporal evolution of the short laser pulses has to be studied, in order to know the time scales involved in the dynamics. The measurements were performed by a rapid ( 1 ns rise time) photon drag detector linked to a 600 MHz and 2 Gigasamples/s real time digitizer placed in a Faraday cage. The local intensity of the laser pattern was measured through a small pinhole with diameter 1 mm. We find a strongly irregular local intensity [ Fig. 2(a) ] with a characteristic period of a few nanoseconds ( 6 ns). Once we know the temporal characteristics of the emission, we are ready to investigate the spatial ones. Almost instantaneous (2 ns time slice width) transverse intensity distributions, can be registered and stored by means of the setup described above. Figure 3 shows a sample of the measured patterns taken for different laser shots with a 2 ns time window width at the same temporal position, corresponding with a time delay of 75 ns measured from the peak of the gain-switch pulse [ Fig. 4(a) ]. It can be seen that the instantaneous patterns are highly irregular. The positions at which the laser intensity maxima appear are different in all the registered instantaneous patterns, i.e. shot to shot the instantaneous intensity distributions are not reproducible.
We want to know if the pattern appearance is irregular all along the laser pulse. For this purpose we repeat the measurements shown in Fig. 3 , but now centered on the maximum of the gain-switch pulse [Figs. 4(b) , 5(a) and 5(b)]. As in the previous case (75 ns delay), the overall appearance is very disordered, showing a deep spatial modulation with a small number of local maxima. This observation suggests that the intensity distribution keeps on being irregular throughout the whole 100 ns of the pulse.
To complete the description of the dynamics, one might wonder whether this instantaneous transverse intensity distribution remains static or evolves, changing throughout the pulse duration. The most straightforward way to test this possibility would be to take consecutive instantaneous snapshot along a single pulse. However, our setup cannot be operated in this repetitive way. As an alternative, the patterns in different laser pulses were measured taking time slices with increasing duration. In particular, temporal slices of 2, 3, 6, 10, 30, 60 ns and the full gain-swith were recorded. Some of the corresponding patterns appear in Fig. 6 . It can be concluded that the instantaneous pattern, keeping its irregular character, changes along the pulse, since more and more local intensity maxima appear in the progressively time integrated measurements. In addition, it is clear that the position of the new maxima is not completely random: the disordered structure observed in the short exposure time images [ Fig. 6(a) ], yields to progressively more ordered intensity distributions, uncovering the boundary-determined symmetry. Therefore, the spatial order manifest even in this turbulent nonstationary evolution which, as a whole, is no longer than 30 times the intensity fluctuation period (Fig. 2) , [Encinas-Sanz et al., 2000] .
We can have another insight to this integration process in the Fourier plane. On one hand, the power spectra of instantaneous patterns are irregular, almost unstructured and not reproducible from shot to shot [ Fig. 7(a) ]. On the other hand, in the average of the spectra of one hundred instantaneous patterns, two well defined maxima can be observed [ Fig. 7(c) ]. As has been observed in previous studies, this also means the existence of a hidden regularity, which may be uncovered by averaging over many instantaneous patterns [EncinasSanz et al., 1996] . Thus the average pattern is ordered showing the typical fringes that are found in the long pulse (quasi-stationary) time integrated patterns [Encinas-Sanz et al., 2000; Hegarty et al., 1999] .
In addition, at first glance it is possible to observe how the contrast between the intensity peaks and valleys decreases when the time integration interval is elonged. If we calculate the average of the intensity distribution across the surface of the pattern I m , a measurement of the contrast C in the patterns may be found by the relationship between the peak maximum I p above the average I m and the average itself
For each measured integration time ∆t considered in Fig. 6 , the contrasts of one hundred patterns were averaged to get a meaningful value of C. The contrast C as a function of the temporal slice duration ∆t is shown in Fig. 8 . An hyperbolic functional form
fits well to the experimental data [ Fig. 8(a) ], where n e = 0.36 ± 0.02, α is a normalization constant and ∆t is given in seconds. This contrast accounts for the integration of a growing number of local intensity maxima scattered across the pattern as the temporal window is made longer (Fig. 6) , and can be considered a representative parameter to quantify the turbulent dynamics and its averaging process.
The Model and Theoretical Results
In order to compare our observations with the class B laser semiclassical theory, and thus try to reproduce the measured spatiotemporal dynamics, we directly integrate the two-level Maxwell-Bloch equations [Huyet & Rica, 1996] :
where E = E(x, t) is the slowly varying electric field, P = P (x, t) the polarization, D = D(x, t) the population inversion, r = r(x, t) the rescaled pump, κ represents the cavity losses, a = cλ/2πκb 2 is a diffraction coefficient, and δ = ω 21 − ω/γ ⊥ + κ the rescaled detuning, where ω 21 is the frequency of the transition and ω is the frequency of the laser emission. Likewise, ∆ t is the Laplacian in the dimensional transverse coordinates of the system x = (x, y). In an atmospheric laser, the polarization decay rate can be chosen as γ ⊥ = 3 × 10 9 s −1 and the inversion decay rate as γ = 10 7 s −1 . We take the losses coefficient as κ = 9.0 × 10 7 s −1 . The transverse pumping profile is taken to be homogeneously distributed along one transverse axis and Gaussian in the other, in order to reproduce the experimental current spatial distribution of the glow discharge that pumps the laser. Likewise, we simulate the temporal form of the pumping by a cosenoidal function approaching the pulsed excitation, with large pumping parameters in the maximum (r max 60 − 70) and about 100 ns width, as in the real laser. To simulate the spontaneous emission, which is not considered in the semiclassical treatment, a weak white noise is used as initial condition for the fields.
A null boundary condition is used, which keeps the electric field as zero at the edges of the laser aperture. This realistic boundary condition differs from the periodic boundary usually used in the simulation of extended nonlinear systems. However, we observe that it plays an essential role in the reproduction of the experiment, and particularly, in the averaging to order [Harkness et al., 1994; Encinas-Sanz et al., 2000; Eguiluz et al., 1999] .
With such a simple model, we have reproduced most of the main features of our observations. Thus, local intensity temporal evolution and the patterns obtained by a standard numerical method, look very similar to those recorded experimentally.
The local temporal evolution of the intensity obtained by numerical simulation is completely irregular [ Fig. 2(b) ], showing the same pulse length and characteristic fluctuation time than its experimental counterpart [ Fig. 2(a) ]. In the spatial domain, the instantaneous patterns are well reproduced as can be seen in This can be also seen in the Fourier domain, where the results reproduce the experiment, both for the power spectra of the single instantaneous patterns [ Fig. 7(b) ] and the averaged over fifty samples [ Fig. 7(d) ]. This proves the essential role of the boundary condition in the selection of the pattern.
We have also reproduced the experiment for the progressively integrated patterns, previously shown in Fig. 6 . Figure 9 shows the corresponding theoretical time integrated patterns for exposures of 2, 6, 10, 30, 60 and 100 ns [Figs. 9(a)-9(f), respectively], where the outstanding agreement with their experimental counterparts can be seen, following the same evolution from turbulent behavior to boundary selected order. Likewise, the loss of contrast of this progressively integrated patterns, calculated as in the experimental case, can also be approximated by an equivalent hyperbolic function C(∆t) nt = α . The contrast of fifty numerical patterns for each value of ∆t were averaged to get n t = 0.38±0.04 [ Fig. 8(b) ], a compatible value with that obtained for the experimental data.
Conclusions
In conclusion, we have studied experimentally the time resolved pattern formation in the short gain-switch pulse of a TEA CO 2 laser with a relatively large Fresnel number. As in the quasistationary case [Encinas-Sanz et al., 2000] , an irregular spatiotemporal dynamics is observed even in this transient laser regime. The instantaneous pattern consists of a group of irregularly distributed maxima, which evolves in a complicated way, retaining the nonordered appearance along the pulse. As it has been observed in much other pattern forming systems, this turbulence yields to boundary-determined order on average, when progressively time integrated patterns are recorded. In addition, during this time integration the contrast of the patterns decays monotonically, which in some way allows us to quantificate the averaging process. All these experimental features are faithfully reproduced by a simple numerical model based on the Maxwell-Bloch equations.
